to lipophilic iron donors such as ferric-8-hydroxyquinoline Human HL-60 cells exhibited a strong hyperresis-and ferric protoporphyrin IX (hemin) (1-3). In addition tance to the lethal effects of photodynamic activity to greater photokilling, there was a higher level of thio-(singlet oxygen) or glucose oxidase activity (hydrogen barbituric acid-detectable lipid peroxidation. Interestperoxide) 16-20 h after being exposed to hemin (ferri-ingly, these short-term effects gave way to increasing protoporphyrin IX). Hyperresistance was accompa-resistance as the interval between iron contact and dye/ nied by the overproduction of immunodetectable ferri-light treatment was lengthened. Thus, after 20-24 h, tin, predominantly the heavy (H) subunit, which exhib-iron-treated cells exhibited substantially less lipid peroxiits ferroxidase activity. Cells that had been enriched dation and loss of viability than noniron controls. Coinciin apoferritin via pinocytotic uptake showed similar dent with the development of hyperresistance was a hyperresistance to both types of oxidative challenge. strong upregulation of ferritin, which was manifested at On the other hand, preincubating cells with hemin in both the translational and transcriptional levels (2, 3). the presence of a phosphorothioate-linked antisense The ferritin heavy (H) subunit, which exhibits ferroxidase oligodeoxynucleotide against H-ferritin mRNA re-activity (4), was induced to a far greater extent than the sulted in a strong diminution in both hyperresistance light (L) subunit. Hyperresistant L1210 cells were found and H-ferritin induction. No effects were seen when a to have a much greater binding capacity for exogenous pose of the present study was to obtain more definitive evidence for ferritin involvement in iron-induced hyperresistance. This was accomplished for human HL-60 cells by using an antisense methodology. Previous studies showed that the lethal effects of pho-
1640 medium, transferrin, insulin, penicillin, streptomycin, sodium were transblotted to nitrocellulose and after fixing and blocking with serum albumin, the blot was incubated for 2 h with a 100-fold dilution selenite, and a rabbit polyclonal antibody against the C-terminal undecapeptide of mammalian actin. Boehringer-Mannheim Inc. (Inof an IgG fraction containing anti-ferritin. The blot was then washed, exposed to 125 I-labeled protein A (Ç2 1 10 6 cpm) for 1 h, rewashed, dianapolis, IN) supplied an IgG fraction containing a rabbit polyclonal antibody against human ferritin. Fetal calf serum (FCS) was fixed, and subjected to autoradiography using Kodak X-OMAT film or a Storm 860 phosphorimager system (Molecular Dynamics Inc., from Hyclone Laboratories (Logan, UT) and merocyanine 540 (MC540) from Eastman Kodak (Rochester, NY). Antisense oligodeox-Sunnyvale, CA). Immunodetermination of stably expressed actin was also carried out in order to correct for any discrepancies in sample ynucleotides (AO) directed against the region of human ferritin Hchain mRNA (9) containing 16 bases upstream and 2 bases in the loading. Molecular masses of ferritin H-and L-chains were estimated by comparing their electrophoretic mobilities to those of polypeptide start codon were synthesized by Operon Technologies (Alameda, CA). AO containing natural phosphodiester linkages or nuclease-resistant standards. phosphorothioate linkages had the following base sequence: 5-ATGPhotodynamic challenge. Suspensions of hemin-and hemin/oligo-GCGGCGACTAAGGAG-3. This was selected with the aid of a treated cells, along with nonhemin and hemin/DOTAP controls (each primer design program (Version 2.0.1, Scientific & Educational Softat 1.0 1 10 6 cells/ml), were incubated with 10 mM MC540 for 30 min ware), which predicted optimal hybridization efficiency. Synthesized in the dark. The cells were then transferred to 35-mm culture dishes oligodeoxynucleotides of the same base composition, but in scrambled (2.5 ml/dish) and irradiated at room temperature with cool-white order (SO), were used as controls; their sequence was as follows: 5-fluorescent light as described (3); power density (fluence rate) was GAGGAATCAGCGGCGGTA-3.
Ç6.4 W/m 2 . After various irradiation times, dishes were removed Cell culture conditions. Human HL-60 promyelocytic leukemia from the light and returned to the incubator for 20-24 h, after which cells (ATCC CCL 240) were obtained from the American Type Cula clonal assay of cell survival was set up (10) . Samples containing ture Collection (Rockville, MD). The cells were grown at 37ЊC in a 200-400 cells in 0.9% methylcellulose/20% FCS/RPMI medium were humidified incubator with 5% CO 2 /95% air, using RPMI 1640 meplated in 35-mm dishes. Cell number was increased up to 100-fold dium supplemented with 5% heat-inactivated FCS, 5 mg/ml trans-after an oxidative challenge. Colonies were counted after an incubaferrin, 10 mg/ml insulin, 100 units/ml penicillin, 100 mg/ml streptomy-tion period of 7-8 days. Plating efficiency of nonchallenged cells cin, and 10 ng/ml sodium selenite. Cells were reinoculated into fresh was typically 65-70%. For each experiment, survival relative to a supplemented medium every 2 days, which was approximately the nonirradiated control was measured. doubling time under these growing conditions. Additional details are Glucose/glucose oxidase challenge. Hemin-and hemin/oligoprovided elsewhere (10) . All experiments and biochemical determinatreated cells similar to those described for photooxidative challenge tions were carried out on exponentially growing cells.
were transferred to supplemented RPMI medium containing 10 mM Treatment of cells with hemin. Hemin was dissolved in 0.1 N additional D-glucose, adjusted to a concentration of 1.0 1 10 6 /ml, and KOH and diluted with water to a final stock concentration of 2 mM then incubated at 37ЊC in the presence of glucose oxidase at various in 10 mM KOH; solutions were prepared immediately before expericoncentrations up to 10 mU/ml. A clonal assay for cell survival was mental use. Cells were adjusted to a concentration of 1.0 1 10 6 /ml initiated 20 h after adding the enzyme. in supplemented RPMI medium, incubated in the presence of hemin Statistics. The two-tailed Student t test was used for determining (5 or 10 mM) for 2 h at 37ЊC, then pelleted, resuspended in fresh the significance of experimental differences. P ú 0.05 is considered medium without hemin, and incubated for an additional 24 h before to be statistically insignificant. oxidative challenge or ferritin analysis. These are referred to as ''delayed'' cells. Nondelayed counterparts were incubated alongside for
RESULTS
24 h and then given hemin 2 h before oxidative challenge. Cells not exposed to hemin over a 26-h period were used as controls. In some . When cells were hemin plus DOTAP (10 mg/ml), or hemin plus DOTAP and oligo (AO exposed to hemin for 2 h and then washed free of the or SO, 3 mg/ml). Two doses of DOTAP alone or oligo/DOTAP were iron chelate, they exhibited markedly different reused; the first was added 6 h before hemin and the second 3 h after sponses to photooxidative challenge, depending on the moval exhibited an apparent hyperresistance that was
Immunoblotting procedure. Immunoblot determination of celluquite substantial relative to control cells (e.g., a log lar ferritin was carried out according to well-established procedures reduction in survival of 0.69 vs 2.52 at 40 min), whereas (12) . Salient points are as follows. Solubilized samples of control, cells irradiated immediately after hemin removal hemin treated-, and hemin/oligo-treated HL-60 cells, along with polyshowed no significant effect (Fig. 1A) . (Under the condipeptide mass standards, were subjected to Laemmli slab-gel SDS-PAGE (13), using 15% acrylamide/bisacrylamide. Separated proteins tions used, hemin on its own was completely nontoxic and had no effect on cell growth.) Similar behavior was described previously for murine L1210 cells (3) . As in tory protein; MC540, merocyanine 540; PBS, phosphate-buffered sathat case, we found that delayed hyperresistance was line (25 mM sodium phosphate/125 mM sodium chloride, pH 7.4); IRE, iron-responsive element.
even greater if hemin was left in continuous contact whereas no significant change was observed immediately after treatment (Fig. 1A, inset) . In contrast, and in agreement with earlier observations (2, 3, 5) , there was little, if any, induction of L-chain (molecular mass Ç19 kDa). From results with other cell lines (3, 6, 7) , it is likely that HL-60 heme oxygenase was induced by hemin, but this was not probed for.
When exposed to another type of oxidative challenge, H 2 O 2 generated by glucose oxidase acting on D-glucose, hemin-stimulated cells exhibited a strong hyperresistance similar to that seen with 1 O 2 challenge. Accordingly, the survival curve 24 h posthemin was significantly right-shifted relative to that without hemin, log reduction values being 1.08 and 1.92, respectively, at a glucose oxidase concentration of 6 mU/ml (Fig. 1B) . By contrast, no hyperresistance was evident when cells were challenged immediately after the same hemin treatment. On the contrary, there appeared to be a slight decrease in resistance, which, if real, was considerably smaller than a similar effect reported previously for L1210 cells (3) . In any case (and as pointed out for 1 O 2 stress), there was clearly a sharp contrast in the before trypsinization (lane d). As shown by the survival curves in Fig. 2 , apoferritin-enriched cells were substantially more resistant to the lethal effects of glucose/ with HL-60 cells over a 24-h period (not shown). Since glucose oxidase than nonenriched controls; log reducthe duration of hemin contact was the same for delayed tion values at an enzyme level of 6 mU/ml were 1.27 and nondelayed cells in the Fig. 1A experiment, it is and 2.30, respectively. Importantly, this hyperresisunlikely that diminished lethality reflects some type tance, like the elevated ferritin, persisted after the cells of hemin interference at the photochemical level, e.g., were treated with trypsin. Therefore, there was a internal light filtering or quenching of reactive interstrong positive correlation between apoferritin uptake mediates. Immunoblot analysis with phosphorimaging and greater cytoprotection, suggesting by implication detection revealed that the cellular content of ferritin that overexpressed ferritin plays a role in hemin-in-H-chain (molecular mass Ç22 kDa) was elevated approximately fourfold 24 h after hemin treatment, duced hyperresistance. /ml in supplemented RPMI medium) were incubated with H-ferritin AO or SO (3 mg/ml) and DOTAP (10 mg/ ml) for 6 h and then with hemin (10 mM) for 16 h. A second dose of AO or SO and DOTAP was added 3 h after hemin. Cells treated with hemin alone, DOTAP alone, DOTAP plus hemin, DOTAP plus oligo, or none of these were incubated alongside. After incubation, ferritin content was determined by immunoblot analysis, using X-ray film for autoradiography. Samples (Fig. 3) . As shown in Table I , this sin; (᭝) apoferritin treatment; (᭞) apoferritin followed by trypsin. inhibition amounted to Ç37% (7.9-fold vs 12.5-fold in- fect was specific. Although sense oligos are commonly used for validating antisense results, we preferred SO of the same base composition as AO because it controlled for any possible nonspecific effects of the bases Effects of antisense oligodeoxynucleotides on ferritin themselves (16, 17). It is important to note that includinduction. Antisense approaches were used in an ef-ing DOTAP in these systems was crucial. When it was fort to secure more definitive evidence for ferritin involvement. 18-Mer oligodeoxynucleotides corresponding to 16 bases in the untranslated region and 2 bases in the start codon of H-chain mRNA were used. Phos- /ml) were exposed to hemin (10 mM)
out that in this experiment cells were continually ex-for 16 h in either the absence or presence (as indicated) of 3 mg/ml posed to hemin in the medium for 16 h, which may of AO or SO and 10 mg/ml of DOTAP. Oligo and/or DOTAP was added account for the fact that H-chain induction was three 6 h before hemin and again 3 h afer hemin. Samples were subjected to ferritin immunoblotting analysis (see Fig. 3 ) and H-and L-chain times greater than that observed in the Fig. 1A experilevels (relative to control values) were determined by phosphorimment, where exposure was for only 2 h. DOTAP alone aging autoradiography. Immunodetectable actin was used as an inor in the presence of hemin had no significant effect on ternal standard to correct for any load differences. Experimental H-chain expression. However, AO and DOTAP in the values are means { SD (n Å 3).
* P õ 0.01 compared with treatment 4.
presence of hemin produced a large decrease in H-chain inhibition by AO/DOTAP was approximately 57%. Of crucial importance, SO/DOTAP treatment (system d, Fig. 4 ) under the same conditions as AO/DOTAP had no effect on the level of hyperresistance, indicating that this response (to a large extent at least) is specifically attributable to H-ferritin induction. Whether AO/DOTAP treatment might affect heminenhanced resistance to glucose oxidase cytotoxicity was also examined. As shown in Fig. 5 (system a) , preincubating cells with hemin for 16 h made them, as expected (cf. Fig. 1B) , far more resistant to glucose oxi -FIG. 4 . Effect of oligodeoxynucleotide treatment on hemin-en-dase than controls, the log reduction value decreasing hanced resistance to photokilling. HL-60 cells were preincubated by Ç0.85 unit at an enzyme level of 4 mU/ml. DOTAP with DOTAP alone or oligo plus DOTAP for 6 h and then with hemin by itself did not affect the level of hyperresistance at- 
DISCUSSION
When iron in the prosthetic group of hemoglobin is oxidized from the ferrous to ferric state, the prosthetic omitted, AO in concentrations up to 100 mg/ml had no group (now designated as hemin) tends to be released measurable effect on H-chain induction. DOTAP was from the protein more readily (18, 19) . Being lipophilic, limited to 10 mg/ml because at higher concentrations it hemin can associate with cell membranes and act as proved to be increasingly cytotoxic. In agreement with a powerful promoter of lipid peroxidation and other previous findings on DNA-DOTAP interactions (11) , damaging oxidative processes (6, 20, 21) . This could maximal antisense activity was observed at a DOTAP/ conceivably take place under pathological conditions in AO weight ratio of 10:3. At a weight ratio of 10:2, inhiwhich abnormally large amounts of methemoglobin bition of H-chain induction was Ç70% of that observed at 10:3, whereas at 10:5 no inhibition was seen.
Effects of antisense oligodeoxynucleotides on development of hyperresistance. Development of oxidant hyperresistance in HL-60 cells was found to be strongly antagonized by H-ferritin antisense. As shown in Fig.  4 (system a), cells exposed to 10 mM hemin for 16 h were strongly hyperresistant with respect to photodynamic injury, the decrease in log reduction of cell survival being Ç0.84 after a 30-min light dose. DOTAP by itself appeared to make cells somewhat less sensitive to photokilling (compare systems b and a, Fig. 4) . The magnitude of this effect was about the same without and with hemin present, suggesting that it was not caused by explanation, altered MC540 uptake or localization due cells were preincubated in the absence or presence of hemin with or to DOTAP treatment, is supported by the observation without DOTAP and oligos, as described in the legends to Figs. 3 that DOTAP had no effect on survival when cells were and 4. The cells were then pelleted, resuspended to a concentration stressed with glucose oxidase (see below). In parallel of 5.0 1 10 and hemin escape into the circulation, overwhelming dent on the type of oxidant used. We found that a synthetic chelate, ferric-8-hydroxyquinoline, also evoked the scavenging abilities of haptoglobin and hemopexin (22) . In addressing this issue, Balla et al. (6) discovered long-term hyperresistance vs short-term hypersensitivity, and the effects were even more dramatic than that hemin, in addition to making cells more sensitive to lethal injury by H 2 O 2 in vitro, can elicit a striking those seen with hemin (2). Both chelates were fully active in the absence of transferrin, presumably behyperresistance, depending on the interval between application of hemin and the oxidative insult. For exam-cause their lipophilicity allowed them to be taken up directly by cells via membrane association. Heminple, if endothelial cells were challenged with H 2 O 2 immediately after 1 h exposure to hemin, they were less treated L1210 cells were found to be strongly upregulated in immunodetectable HO-1 and ferritin H-chain, resistant than controls, whereas if they were challenged 16-20 h later, they were much more resistant, whereas there was no change in glutathione or several enzymes associated with antioxidant cytoprotection even in the face of an otherwise strongly prooxidant second dose of hemin. Similar observations were made (3). Significantly, ú90% inhibition of total heme oxygenase activity with tin-protoporphyrin IX during heon a breast tumor line (7) . Development of delayed hyperresistance was accompanied by a strong induction of min treatment had no effect on the H-ferritin induction or hyperresistance, suggesting that neither of these referritin and heme oxygenase (HO-1 isoform) . For ferritin, this was observed at both the transcriptional and sponses depends specifically on induced HO-1. On the other hand, a positive correlation between H-ferritin translational levels in tumor cells (7), but only at the translational level in endothelial cells (6) . For HO-1, overproduction and the biological response was apparent from the following observations: (i) simultaneous both lines exhibited transcriptional and translational upregulation (6, 7) . Both of these proteins could act prevention of both effects by an inhibitor of protein synthesis and (ii) development of hyperresistance seccytoprotectively vis-à -vis hemin-promoted oxidative stress-HO-1 by degrading hemin and releasing iron ondary to apoferritin uptake (2, 3) . More recent work has shown that L1210 cells are much better equipped and ferritin by scavenging and inactivating this iron (6-8). However, it was found that hyperresistance, to bind and sequester toxic iron in ferritin after being stimulated with hemin (5). For example, when incuwhile apparently dependent on constitutive HO activity, correlated more strongly with ferritin induction bated in the presence of 1 mM [
55 Fe]ferric-8-hydroxyquinoline, hemin-treated cells (Ç10 7 /ml) took up about the than HO-1 induction (6) . In studies of related interest, Vile et al. (23, 24) showed that skin fibroblasts become same amount of total 55 Fe as nontreated controls, but placed much more of it into immunoprecipitable ferrimore resistant to near ultraviolet (UVA) radiation after receiving a minimally lethal (priming) dose of UVA. tin (Ç95% vs Ç7%). Correspondingly, the level of nonferritin 55 Fe was found to be at least 20 times higher This response resembled that reported for hemin (6, 7) in that HO-1 and ferritin were induced. Although both in the control cells. One can infer from these findings that endogenous prooxidant iron, identified by using of these responses, along with increased photoresistance, were partially inhibited by an HO-1 antisense desferrioxamine as a chelator/inactivator (1), was similarly sequestered and that this was a major factor in oligonucleotide, ferritin appeared to be ultimately responsible for the greater cytoprotection (23) . This is the increased oxidant tolerance. Such iron could otherwise react with stress-generated hydroperoxides and consistent with ferritin's ability to sequester redox-active iron, which has been shown to play a role in UVA thereby trigger chain peroxidation reactions which result in lethal injury (1). cytotoxicity (25).
Using murine L1210 cells in previous work (3), we Using a human leukemia line in the present study, we have made further progress in understanding the confirmed the findings of Balla et al. (6, 7) by showing that hemin elicits a strong hyperresistance to oxidative molecular basis of iron-induced hyperresistance. Like L1210 cells, HL-60 cells responded to hemin by becomkilling, which overrides an early (0.5-1 h) hypersensitivity and maximizes 20-24 h after initial contact with ing more resistant to 1 O 2 or H 2 O 2 . We showed earlier (3) that the L1210 response developed gradually Ç4 h cells. Susceptibility to free radical-mediated lipid peroxidation was affected similarly. Cells separated from posthemin and maximized after an additional 16 h.
Whereas L1210 cells were significantly sensitized to hemin after 1 h and challenged immediately were more sensitive than nonhemin controls, but much more re-oxidative killing immediately after incubation with hemin for 1 h, HL-60 cells showed little, if any, sensitizasistant if challenged 20 h later, demonstrating that constant exposure to hemin was unnecessary for devel-tion when treated similarly (Fig. 1) . The reason for this is not clear, but could conceivably relate to differences opment of the hyperresistant phenotype (3). These trends were observed when cells were challenged with in hemin uptake by the two cell lines or differences in short-term hemin localization relative to sensitive 1 O 2 (photodynamic action) or with H 2 O 2 (glucose/glucose oxidase), suggesting that the underlying response targets. The level of ferritin protein in HL-60 cells was elevated from 4-to 12-fold over a 24-h period, demechanisms were broadly applicable and not depen-pending on how long the cells were in contact with vivo might plausibly be linked to chronic hemorrhage and hemolysis at sites of inflammation. Such lesions hemin in the medium. Virtually all of this increase was in the H-subunit, which expresses ferroxidase activity would expose surrounding tissues to hemoglobin-derived iron, which in turn would stimulate ferritin pro-(4). This is significant vis-à -vis antioxidant function because ferritin binds and sequesters iron more rapidly duction, leading to a transient depletion of ''free'' iron. This is best viewed as an overcompensatory response as the proportion of H-subunit to L-subunit increases (26). Cells supplemented with apoferritin via pinocy-due to the greatly enhanced iron uptake by induced ferritin (5) . By boosting the antioxidant capacity of totic uptake were found to be more resistant to H 2 O 2 , consistent with the notion that hemin-induced ferritin cells, this can have both positive and negative connotations. It would obviously improve the survival of norwas likewise cytoprotective.
In seeking more substantial evidence for ferritin mal cells under conditions of pathological oxidative stress. However, in the case of tumor cells subjected to involvement, we showed that an antisense oligodeoxynucleotide directed against the start codon region of H-various types of therapeutic oxidative stress, ferritin upregulation might seriously compromise treatment efferritin mRNA (positions 016 to /2) could block Hchain induction by nearly 40% and at the same time ficacy (3). On the basis of these considerations, it would clearly be advisable to include ferritin status when asstrongly suppress hyperresistance to the antisense approach, it is clear from these results that induced ferritin was directly involved in oxidant hyperresistance. Whether this protein was exclusively REFERENCES involved is not clear; however, in earlier work with
